Pathogenic species of the genus Rickettsia include gramnegative bacteria capable of causing mild to severe diseases in humans. Spotted fever group (SFG) organisms, which represent one of the two major groups of rickettsiae, are found globally in their characteristic arthropod vectors and are often classified to reflect the location of their predominant geographic distribution, for example, Rickettsia sibirica and R. australis, or the resultant human disease, such as Rocky Mountain spotted fever and Mediterranean spotted fever, caused by R. rickettsii and R. conorii, respectively (27, 47) . Rocky Mountain spotted fever is a life-threatening illness and can be fatal in children, the elderly, and immunodeficient individuals if there is a lack of early detection and timely intervention with suitable antibiotic therapy. Yet another recently realized and alarming epidemiologic aspect of this disease is that tick-to-human transmission can occur not only through the previously identified principal vectors of Dermacentor species, but also through the more commonly distributed brown dog tick, Rhipicephalus sanguineus, suggesting the capability of this obligate intracellular pathogen to adapt to new ecological niches (12, 14) .
The endothelial cell lining forms a multifunctional semipermeable barrier at the interface between vascular and perivascular compartments and plays a central role in maintaining tissue homeostasis and establishing communications between circulating blood and underlying tissues via regulation of vascular tone and permeability, interactions with circulating inflammatory cells, and other essential vessel wall functions. Due to the vasculotropic nature of invading rickettsiae, a majority of clinical characteristics of resulting diseases are attributed to disseminated infection of the endothelium, and typical pathological features represent the consequences of damage to the vasculature and endothelial dysfunction (46) . In conjunction with case reports of patients suffering from rickettsioses, accumulating evidence from studies performed using cultured human endothelial cells (EC) infected with different species of SFG rickettsiae and animal models of infection clearly implicates a crucial role for oxidative stress and antioxidant defense enzyme systems in the pathophysiology of these infections (15, 16, 31) . In this context, it has also been demonstrated that HO-1, the inducible form of the antioxidant and vasoprotective enzyme heme oxygenase (3), responds to R. rickettsii infection in vitro as well as in vivo (17, 30) . One of the most critical regulatory functions of HO-1 in the vasculature is to control the activity of the cyclooxygenase (COX) system (21, 24) , which is responsible for the generation of a number of vasoactive substances, including prostaglandins (PGs), prostacyclin, and thromboxanes (11) .
Of the COX isoforms that have been characterized thoroughly, COX-1 is constitutively expressed in various types of cells, including EC. COX-2, on the other hand, is an inducible isoform sensitive to a number of stimuli, such as mitogens, cytokines, and lipopolysaccharide. Although interactions of typhus group rickettsiae with host EC have been shown to trigger enhanced secretion of PG metabolites (48) , the mechanisms underlying these responses remain to be elucidated. The objective of the present study was to test the hypothesis that induction of COX is a major component of transcriptional activation in host cells and likely governs the pattern of synthesis/secretion of prostaglandins in response to infection. To address this issue, we investigated the expression of COX isozymes by host EC after infection with two prototype species of SFG rickettsiae, namely, R. rickettsii and R. conorii. The effects of a broad-spectrum COX inhibitor and selective inhibition of COX-2 on the level of PG secretion by infected cells were also examined. The data presented suggest a significantly increased expression of COX-2 in host EC infected with R. rickettsii or R. conorii and clearly indicate that the elevated secretion of PGs in response to infection is dependent on the enhanced COX-2 activity.
( 
MATERIALS AND METHODS
Isolation, culture, treatment, and infection of EC. Human umbilical vein EC, an established model cell type that has been used to investigate in vitro rickettsiaendothelium interactions (39) and a number of different host cell responses (8, 9, 13, 15, 22, 30, 32, 34, (37) (38) (39) (40) (41) (42) , were isolated from freshly collected umbilical cords by collagenase digestion and then seeded on gelatin (2% [wt/vol])-coated cell culture plates as described previously (33) . Primary cultures were allowed to grow to confluence in McCoy's medium supplemented with 20% fetal bovine serum, heparin (100 g/ml), and endothelial cell growth supplement (50 g/ml), at which point they were routinely split at a ratio of 1:3. For all experiments, cells at passage 2 were infected with R. rickettsii (Sheila Smith strain) or R. conorii (Malish 7 strain), using approximately 6 ϫ 10 4 PFU of infective bacteria for every cm 2 of culture area. In studies to investigate viability requirements, aliquots of rickettsial stocks containing equivalent numbers of organisms were either subjected to heat treatment or incubated with formaldehyde as reported previously (30) . To inhibit de novo transcription or protein synthesis and the activities of COX isozymes, cells were incubated with appropriate specific inhibitors for 30 min prior to infection.
Analysis of COX-1 and COX-2 expression. RNAs from infected EC and corresponding controls for each time point were prepared using the Tri-reagent protocol (Molecular Research Inc., Cincinnati, OH). Semiquantitative PCR analysis was carried out according to previously published procedures, using COX-1-and COX-2-specific primers, with glyceraldehyde-3-phosphate dehydrogenase (GAPDH) as the internal control (34) . For absolute quantitation of changes in mRNA expression levels, 5 to 8 g of total RNA was subjected to Northern blot analysis as described previously (8) , using radioactively labeled cDNA templates designed for specific detection of COX-1 and COX-2 transcripts (Cayman Chemical Co., Ann Arbor, MI). The differences in sample loading among lanes were corrected by stripping and reprobing of the blots with a GAPDH probe (8) .
Total protein lysates for immunoblotting were prepared in sodium dodecyl sulfate-containing denaturing buffer supplemented with an inhibitor cocktail to prevent the action of proteases (Sigma, St. Louis, MO). Equal amounts of protein from various experimental samples were subjected to Western blotting, and nitrocellulose membranes were incubated with COX-1-or COX-2-specific antibodies (Cayman Chemical) at a 1:500 dilution in a 5% milk solution. The bands were visualized by a chemiluminescence-based detection approach after incubation with a compatible horseradish peroxidase-linked secondary antibody. The blots were then stripped by a thorough washing with 0.2 N NaOH solution for 30 min at room temperature and were reprobed with a monoclonal antibody against ␣-tubulin (Accurate Chemical, Westbury, NY).
Measurement of release of COX metabolites. For PG release assays, culture supernatants were collected and centrifuged at 12,000 ϫ g for 5 min at 4°C to remove any particulates. Aliquots of supernatants were retained in fresh tubes at Ϫ80°C for batched analysis of PGI 2 and PGE 2 . The PGE 2 and 6-keto-PGF 1␣ (a stable metabolite of PGI 2 ) contents were then estimated by a colorimetry-based competitive one-step enzyme immunoassay (R&D Systems, Minneapolis, MN) according to the manufacturer's instructions. All samples were assayed at least in duplicate, and average optical density (OD) readings were used to determine the PG concentration. For each experiment, standard curves (3.2 to 50,000 pg/ml of 6-keto-PGF 1␣ and 39 to 2,500 pg/ml of PGE 2 ) were constructed by plotting OD readings (corrected by subtracting nonspecific binding) and % B/B 0 values (the ratio of the standard or sample OD reading to that of maximum binding ϫ 100) against the log 10 PG concentration. The sensitivities of the 6-keto-PGF 1␣ and PGE 2 assay kits were Ͻ1.4 and Ͻ13.4 pg/ml, respectively. The accuracy of the assay systems was also tested by adding progressively increasing quantities of the specific PGs to the culture medium and ensuring that the assays were able to quantify the added PGs in a linear fashion. The percent coefficients of variation for intra-and interassay precision for the 6-keto-PGF 1␣ measurement kit were 6.9 and 6.4, respectively, and those for the PGE 2 assay were 10.7 and 4.0, respectively. The results were calculated using SOFTmax Pro, version 1.1, which is capable of generating a four-parameter logistic curve fit (Molecular Devices, Sunnyvale, CA), and Microsoft Excel 2002, version SP-2.
Ex vivo model of endothelial infection. Human umbilical cords collected immediately after Caesarean section deliveries were cut aseptically to an appropriate length, perfused with McCoy's 5a medium containing 1% fetal bovine serum, cannulated, and infected with viable R. rickettsii as described by Courtney et al. (10) . About 1-cm-thick segments of both uninfected (control) and infected cords distal to the cannulated ends were obtained at different times by tying of the distal end with suture silk and gentle severing. Cord sections of about 2 to 3 mm in thickness were then fixed in 10% neutral buffered formalin and embedded in paraffin.
Immunohistochemistry and imaging. Thin tissue sections (5 m) were mounted onto glass slides, deparaffinized, rehydrated with xylene and a series of ethanol, and immersed in 3% aqueous hydrogen peroxide solution for 30 min to inhibit endogenous peroxidase activity. After being blocked with 5% normal goat serum for 20 min, the sections were incubated with anti-human COX-2 antibody (Cayman Chemical, Ann Arbor, MI) at a 1:400 dilution, followed by detection with the Vectastain ABC-peroxidase system (Vector Laboratories, Burlingame, CA). Immunostaining of HO-1 was carried out by using rabbit anti-HO-1 as the primary antibody (Stressgen, Victoria, British Columbia, Canada), and labeling was done using a universal DakoCytomation LSAB plus peroxidase kit (Dako, Carpinteria, CA). Immunohistochemical staining of von Willebrand factor (vWF) was performed using anti-human vWF and the EPOS peroxidase procedure (Dako). Staining for rickettsiae was conducted using rabbit anti-R. rickettsii antibody (a gift from T. Hackstadt, NIAID Rocky Mountain Laboratories, Hamilton, MT) according to our established protocols (10, 31) . All sections were counterstained with hematoxylin. An Olympus Vanox-T microscope with a Diagnostic SPOT camera was used to capture the images, and Image-Pro Plus, version 3.0, was utilized for analysis. Coded slides were subjected to independent pathological evaluation without prior knowledge of the treatment(s), and the intensity of staining was scored on a scale of 0 to 4. Following this evaluation, quantitative image analysis of COX-2 immunohistochemistry was carried out by (i) optimizing the program settings and choice of density filters and (ii) selecting at least four different irregular areas of interest on the vascular endothelium, using the freehand tool feature of Image-Pro Plus. Within the same area, COX-2-positive cells (identified by brown staining) and hematoxylin-and eosin-stained cells with blue nuclei were then counted. The intensity of COX-2 staining for each experimental condition was determined as the ratio of COX-2-positive cells per m 2 to the total number of cells, represented by the sum of brown and blue objects.
Densitometric and statistical analyses. For quantitative analysis, band intensities were estimated in densitometric units by using an HP Scanjet image scanner at a resolution of 600 dpi in conjunction with ImageQuant software, version 3.3 (Molecular Dynamics, Sunnyvale, CA). Data were calculated as means Ϯ standard errors for at least three independent experiments, and comparisons between the study and control groups were done by Student's t test. P values of Յ0.05 were considered statistically significant. 
RESULTS
In vitro infection with spotted fever rickettsiae induces COX-2 but not COX-1 expression. The unstimulated EC used in this study were found to express detectable mRNA levels of the constitutive isoform COX-1 by Northern blot analysis, whereas very minimal or nearly undetectable expression of COX-2 transcripts was seen, as expected. Cells infected with R. rickettsii or R. conorii for 1.5 or 3 h, on the other hand, exhibited dramatically increased expression of COX-2 mRNA, while that of COX-1 mRNA remained relatively unaltered. Semiquantitative reverse transcription-PCR analysis using human COX-1-and COX-2-specific primers, with GAPDH as a housekeeping control, confirmed these results, suggesting a selective induction of COX-2 in infected cells (not shown). Time course studies further revealed that the initial peak of induction at 3 h (15 Ϯ 4 times higher than that in corresponding uninfected controls) and the subsequent return to close to the baseline at 14 h were followed by an apparent secondary response, as evidenced by increased COX-2 expression (7-Ϯ 2-fold) at 21 h postinfection ( Fig. 1A and B) . Infection in the presence of cell-permeating inhibitors of eukaryotic RNA polymerases (␣-amanitin and actinomycin D) and protein arginine and lysine methyltransferases (NSC 119889) resulted in significant reductions, of Ն75% and Ն50%, respectively, in the intensity of R. rickettsii-induced COX-2 expression, suggesting a requirement of de novo transcription and protein synthesis (Fig. 1C) . Interestingly, the presence of NS 398, added to specifically inhibit COX-2 activity, was also able to diminish the activation of COX-2 mRNA expression during R. rickettsii infection, implicating the possible involvement of a negative feedback mechanism. Manipulation of host-Rickettsia interactions via treatment of EC with cytochalasin B to inhibit rickettsial uptake (26, 41) or by rendering rickettsiae inactive by heat treatment or incubation with formalin (30, 31) suggested that invasion with viable infectious organisms is essential for triggering the COX-2 response in host EC (data not shown).
To verify that the induction of endothelial COX-2 mRNA by spotted fever rickettsiae is followed by an increase in steadystate protein levels, lysates from EC infected with R. rickettsii and R. conorii for 3, 6, 12, and 24 h and corresponding uninfected controls were processed for determinations of protein content by Western blotting (data not shown). The time points for this aspect of the study were adjusted to accommodate for intermediate steps in the translation process that may lead to a lag time between the induction of COX-2 mRNA and that of the protein in vascular endothelial cells (6, 35) . The detailed densitometric analysis depicted in Fig. 2 Enhanced production and release of eicosanoids by Rickettsia-infected EC are dependent on increased COX-2 activity. Figure 3 shows time-release profiles for PGE 2 and 6-keto-PGF 1␣ (the main hydrolysis product of PGI 2 ) during R. rickettsii infection. A pattern of time-dependent increases in PG release into the culture medium of infected cells was clearly evident compared with the case for control (uninfected) monolayers. Although enhanced secretion of both PGE 2 and PGI 2 was noticed as early as 3 h after infection (about 2-and 5-fold higher levels of PGE 2 and 6-keto-PGF 1␣ , respectively, than those in the corresponding time point controls), the differences at 8 h (4-and 20-fold induction, respectively) and 18 h (10-and 17-fold induction, respectively) postinfection were statistically significant. As shown in Fig. 3 , incubation of EC with heatinactivated or formalin-fixed rickettsiae produced either very minimal or no stimulation of PG synthesis and release (Fig. 3) . Exposure of EC to R. conorii also triggered striking increases in the secretion of both of these prostaglandins, with kinetics similar to that in R. rickettsii. Furthermore, the induced release of PGE 2 and PGI 2 from cells infected with both species of rickettsiae was completely prevented by treatment with NS 398 (a COX-2-specific inhibitor) or indomethacin (a broad-spectrum COX inhibitor), as evidenced by no statistically significant differences in the levels of secretion for uninfected cells treated with 10 M NS 398 or 50 M indomethacin alone and cells infected in the presence of inhibitors (data not shown). The concentrations of NS 398 and indomethacin were determined on the basis of their respective 50% inhibitory concentrations of 1.77 Ϯ 0.55 and 24.6 Ϯ 13.0 M for human COX-2 (5) and the further demonstration that NS 398 effectively inhibits COX-2-dependent synthesis of arachidonic acid metabolites in the concentration range of 1 to 50 M (23).
Signaling through p38 MAP kinase, but not through the ERK module, mediates R. rickettsii-induced COX-2 mRNA expression. To examine the potential involvement of signal trans- duction through the p38 mitogen-activated protein (MAP) kinase pathway, which has been shown to be activated during R. rickettsii infection (32), EC were infected in the presence and absence of a p38-specific inhibitor, SB 203580, as well as its inactive structural analog, SB 202474. R. rickettsii-induced COX-2 expression was dramatically attenuated in cells infected in the presence of SB 203580, indicating a dependence on p38 activity (Fig. 4A) . Infection in the presence of SB 202474, on the other hand, had no significant effect on the level of COX-2 mRNA, further suggesting that upstream signaling mechanisms responsible for increased COX-2 expression during infection are mediated by the p38 signaling pathway ( Fig. 4A and B) . Since R. rickettsii infection of EC is unable to induce c-Jun N-terminal protein kinase activation (32), we did not investigate the involvement of this MAP kinase module. Inhibition of extracellular signal-regulated kinase (ERK) signaling by PD 98059 treatment prior to and during infection, however, had no effect on the level of COX-2 expression (Fig. 4B) .
High levels of COX-2 expression in an ex vivo model of infection.
We next determined whether R. rickettsii infection of the intact vascular endothelium lining the human umbilical vein stimulates COX-2 expression in the target cell type, i.e., endothelial cells. Immunohistochemical staining of sections of infected umbilical cords along with uninfected controls revealed that immunostaining for COX-2 in infected endothelia was more intense and more abundant than that in simultaneously processed controls. Because R. rickettsii infection of cultured human EC also induces the expression of HO-1, an isoform of HO, we stained adjacent serial sections for the expression of HO-1. Microscopic examination suggested an enhanced immunoreactivity of EC for HO-1 in infected cords, whereas baseline expression in uninfected endothelium was negligible (Fig. 5) . Although endothelial cells were positive for the physiologic marker vWF under all experimental conditions, differences in staining intensity likely reflecting an enhanced release of vWF from Weibel-Palade bodies, as reported earlier for in vitro infection (40) , were also clearly evident (Fig. 5 and Table 1 ). Positive staining for rickettsial antigen was evident in the vasculature of infected cords (Fig. 5) , and Rickettsia organisms were seen as discrete, punctate entities (10) . Pathological examination and quantification of the relative intensities of COX-2 and HO-1 in control and infected endothelia ascertained a significant enhancement in their immunostaining at different times postinfection (Table 1) 
DISCUSSION
The endothelial lining of the inner surfaces of blood vessels is specifically targeted by pathogenic rickettsiae during human infections. Therefore, the most prominent pathophysiologic effects of these infections include changes in vessel wall permeability leading to fluid imbalance (46, 47) , increased leukocyteendothelium interactions (44), a switch from a nonthrombogenic endothelial surface to a procoagulant and proinflammatory phenotype (13, 37, 42) , and the release of powerful vasoactive mediators (9, 22) , cumulatively described as generalized vascular inflammation. Earlier studies of in vitro interactions between EC, monocytes, or macrophages and the typhus group species R. prowazekii showed that infected host cells synthesize and/or secrete significantly larger amounts of leukotrienes, platelet activating factor, and prostaglandins (48) (49) (50) . The present study demonstrates that transcriptional activation of host EC in response to stimulation with the spotted fever group Rickettsia species R. rickettsii and R. conorii involves rapid and robust up-regulation of COX-2 expression and that inhibition of COX-2 activity during infection abrogates the enhanced secretion of prostaglandins. Expression of the constitutive isoform, COX-1, however, remained unaffected at all examined time points. We also identified upstream signaling through p38 MAP kinase as an important determinant of infection-induced COX-2 expression.
COX is the initial rate-limiting enzyme responsible for the oxidative breakdown of arachidonic acid (AA) to PGH 2 , an intermediary metabolite which is subsequently converted into a series of biologically active PGs in a cell type-specific manner. Several studies have suggested COX-2 as an important factor in gastric carcinoma associated with Helicobacter pylori infection (7, 53) , and its roles in the diseases caused by obligate intracellular bacteria of Chlamydia species and pathogenic spirochetes of Borrelia species have begun to be elucidated only recently (1, 18, 28) . Although the status of COX isozymes in EC infected with typhus rickettsiae is currently under investigation, evidence derived from the presented data and earlier observations (48, 50) suggest significant increases in the production of the major endothelial prostaglandins PGE 2 and PGI 2 during infection and implicate COX-2 and its reaction metabolites as having an integral role in the pathophysiology of rickettsial diseases. In this context, comparative studies with highly pathogenic versus avirulent species of SFG rickettsiae or with individual strains with various degrees of virulence, for example, R. rickettsii isolates that have been characterized for their ability to cause oxidative stress in EA.hy 926 endothelial cells (16) or R. prowazekii strains at opposing ends of the virulence spectrum (19) , to define potential differences in the intensity and kinetics of COX-2-mediated host responses will yield important new information about virulence determinants and pathogenic mechanisms. While our initial studies suggested that in vitro infections of endothelial cells with the virulent Sheila Smith and avirulent Iowa B strains trigger COX-2 mRNA and protein expression (E. Rydkina and S. K. Sahni, unpublished observations), a detailed investigation of the correlation between the extent of infection, host cell response, and cytopathic potential of different rickettsial species and strains is currently in progress. It follows that PGs are locally acting autocoids with pleiotropic roles in both physiologic and pathologic states and that the regulation of their synthesis and secretion constitutes an important aspect of vascular homeostasis. PGE 2 and PGI 2 released by EC are vasodilatory PGs and may synergize with other vasoactive mediators to cause increased vascular permeability and edema, which are thought to be the cardinal features of inflammation during rickettsial infections. Among the major organ systems of the host affected are the lungs and brain, manifesting as interstitial pneumonia, acute respiratory distress syndrome, and neurological deficits leading to seizures and coma (44) (45) (46) . It is essential to keep in mind in this context that treatment of brain microvascular endothelial cells with PGE 2 and PGF 2␣ induces significant increases in permeability and changes in cytoskeletal organization (25) . Another intriguing possibility, which has yet to be explored in further detail, is that similar to interactions between host cells and viruses or pathogenic bacteria, such as Chlamydia and Salmonella (43, 51, 55) , PGs secreted by infected EC may also function to support or augment the growth and replication of intracellular rickettsiae.
Although several protein kinases with unique specificities for serine or threonine residues are expressed in human vascular EC, only selective isoforms of protein kinase C and p38 MAP kinase have so far been established to play a crucial role in the regulation of cellular functions (32, 34) . Our results suggesting attenuation of R. rickettsii-induced COX-2 expression by a specific inhibitor of p38 MAP kinase (SB 203580) extend our recent findings that signaling through this particular MAP kinase module promotes changes in the level of chemo- b Ϫ, negative staining; positive staining was rated on a scale of 1 (ϩ ͓weakly positive͔) to 4 (ϩϩϩϩ ͓strongly positive͔).
kine expression/secretion and demonstrate that p38 activation may also act as an important and selective regulator of PG synthesis. Whereas a decline in COX-2 transcription between 7 and 14 h postinfection correlates well with the kinetics of p38 phosphorylation, more instability due to multiple copies of Shaw-Kamen pentamer AUUUA repeats in the 3Ј-untranslated region may also contribute to the disappearance of COX-2 mRNA (2, 36). The possibility that the regulation of COX-2 expression during Rickettsia infection of endothelial cells involves posttranscriptional control mechanisms, a precedent of which was reported earlier for plasminogen activator inhibitor 1 expression in R. rickettsii-infected host cells (38) , is the subject of further detailed investigation in our laboratory. Furthermore, higher levels of protein in cells infected for 6 and 12 h likely reflect the time delay between promoter activation, leading to enhanced transcription early during the infection, and subsequent synthesis of bioactive protein, as reported to occur during endothelial cell responses to hypoxia (35) , activated protein C (6), and other physiological mediators (54) . The transcription factor NF-B has also been implicated variously in COX-2 stimulation by several factors, but neither PD98059 (ERK inhibitor) nor SB 203580 affects Rickettsiainduced activation of NF-B (32) . Selective regulation of p38 kinase may therefore offer an alternative mechanism for controlling rapid host cell responses to infection.
At least 11 species of rickettsiae have been reported to contain a pld gene in their genomes, and the phospholipase D (PLD) enzymes of R. conorii and R. prowazekii have been confirmed to have enzymatic activity and likely serve as virulence factors (29) . More recently, rickettsial escape from the phagosomal vesicle has also been attributed to PLD activity (52) . Since membrane-bound phospholipids are cleaved by phospholipases and host cells exposed to large numbers of R. prowazekii secrete considerable amounts of lysophospholipids and free fatty acids (20) , it is reasonable to suspect that rickettsial phospholipase may also be involved in the provision of AA, the substrate for COX-2. The activation of host cell phospholipases in response to infection also remains a likely possibility because cytosolic PLA 2 not only is an important source of AA but is also capable of activating secretory PLA 2 in certain situations (4) .
Using in vitro and ex vivo models of infection, this study demonstrates for the first time that SFG rickettsiae stimulate the expression of COX-2 in vascular endothelial cells. This host cell response requires interaction with viable rickettsiae and is associated with a marked increase in the production of prostanoids that may contribute to and explain certain characteristic pathological and clinical features of rickettsial diseases, such as pain, inflammation, fever, and vasculitis. Moreover, selective inhibition of Rickettsia-induced p38 kinase abolishes the activation of COX-2. Further studies are currently being undertaken to elucidate whether the products of COX-2 action could be responsible for supporting rickettsial replication and/or triggering infection-accelerated vascular inflammation.
